Abbreviations {#sec0005}
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ACEiangiotensin-converting enzyme inhibitors  ARBangiotensin II receptor blockers  DPP-4dipeptidylpeptidase-4  GLP-1Rglucagon-like-peptide-1 receptor  HASFrench High Authority for Health (*Haute* *a* *utorit* *é* *de sant* *é*)  ICUintensive care unit  IL-6interleukin-6  MERS-CoVMiddle East Respiratory Syndrome Coronavirus  NSAIDsnon-steroidal anti-inflammatory drugs  SGLT-2sodium-glucose-transporter-2TNF-αtumor necrosis factor-α

Introduction {#sec0010}
============

The global COVID-19 pandemic has resulted in a large body of literature on the risk factors which worsen the clinical events associated with the virus. Indeed, all patients do not face the disease with the same severity, and some patients are not symptomatic. Diabetes has rapidly become one of the potential risk factors, but is it so? Is diabetes a susceptibility factor and/or a severity factor? If it is, then could antidiabetic drugs, in particular dipeptidylpeptidase-4 (DPP-4) inhibitors, play a role in the occurrence of infections? This paper aims at discussing these issues.

Prevalence {#sec0015}
==========

At the very beginning of the COVID-19 pandemic, it was suggested that diabetes was one of the susceptibility factors for the infection along with advanced age, high blood pressure, smoking, overweight and obesity. Thus, in one of the first short series in Wuhan, a city heavily affected by the virus, out of 41 patients, 20% had diabetes and 15% had hypertension [@bib0275]. In another series of 140 infected and hospitalized patients, 12% were diabetic [@bib0280]. However, the lack of a control group makes this possible increase in the prevalence of infected and hospitalized diabetic patients uncertain. In addition, a lower prevalence of 3% of diabetic patients presenting symptoms for more than 10 days was also reported, but there was only a small number of patients concerned here, which has been an obstacle to correctly estimating this prevalence [@bib0285]. Thus, in a meta-analysis of 12 studies in China, out of 2018 confirmed infected patients, the prevalence of diabetes was 10.3%, which was similar to the prevalence of diabetic patients in China in 2013, meaning 10.9% for all ages combined [@bib0290], [@bib0295]. However, since the average age of infected diabetic patients was 49.6 years, this prevalence must be compared to the one of a corresponding age group, estimated at 12.3%. Thus, the prevalence of diabetics among patients with COVID-19 was even lower than in the general population [@bib0295]. Consistent with these observations, the same trend was described in Italy, a country heavily affected by COVID-19. In the epicenter of the epidemic in Padua, 8.9% of infected patients aged 65 years old in average were diabetics, while the prevalence of diabetic patients in this region for the same age group was higher, described as 11% [@bib0300]. Therefore, based on these Chinese and Italian data, there may not be more diabetic patients affected by COVID-19 and a diabetic patient would not be put at a greater risk of contracting the disease if one compares to a non-diabetic patient. Nonetheless, among 5700 patients hospitalized with COVID-19 in the New York City area in April (median age 63 years; 40% female), the proportion of diabetic patients was higher as 34% of the patients included suffered from diabetes, 57% had hypertension and 42% were obese [@bib0305]. In a large worldwide observational study of 8910 patients with COVID-19, 14.3% had diabetes mellitus [@bib0310].

To date, no study has been able to distinguish between type 1 and type 2 diabetic patients, but the advanced age of the patients with diabetes suggests that there is a high rate of type 2 diabetic patients.

A selection bias is not excluded since not all patients with COVID-19 were tested with the virus and the proportion of patients with diabetes may be overestimated. The rate of diabetic patients varies, depending of the patient\'s location, the age and the method of testing. Similarly, it depends on the hospitalization criteria, which have changed over time, meaning that patients having one of the moderate forms of the disease have been decreasingly hospitalized, compared with the practice followed at the beginning of the pandemic. Nevertheless, pursuant to various studies, individuals with diabetes seem to be at similar risk of getting COVID-19 as patients without diabetes.

Diabetes, COVID-19 and disease severity {#sec0020}
=======================================

While diabetes would not systematically increase the likelihood of being infected with COVID-19, once infected, patients with diabetes are likely to develop a severe form of the disease. A meta-analysis of 6 studies in China reported that the relative risk of having a severe form was 2.26 (95% CI: 1.47--3.49); it ranged from 0.31 (a lesser risk in one study) to 4.06 (higher risk in five studies) [@bib0290].

For example, in a Chinese observational study of 1000 patients with a confirmed infection, the prevalence of diabetes in those with a severe form was 16% and only 5.5% in those with a lower severity of illness [@bib0315]. In another study on 1043 Italian patients infected and hospitalised in Lombardy in intensive care units, two third had a comorbidity factor, 49% had hypertension and 17% had diabetes [@bib0320]. In Italy, in a systematic review of 1362 patients, diabetic patients resulted to have a significant increased risk of intensive care unit admission (OR 2.79, 95% CI: 1.85--4.22, *P*  \< 0.0001) and a higher mortality risk (OR 3.21, 95% CI: 1.82--5.64, *P*  \<0.0001) [@bib0325]. They were more likely to have unfavorable outcomes (OR = 3.10, 95% CI: 1.16--8.37, *P*  = 0.025) in a Chinese retrospective study on 323 patients [@bib0330]. Finally, in Seattle, out of 24 patients admitted to intensive care units, 58% were diabetic [@bib0335]. Consistent with these reports, a meta-analysis on 6452 patients with diabetes revealed that diabetes was associated with composite poor outcome (including mortality, severe COVID-19, acute respiratory distress syndrome, need for intensive care unit care, and disease progression) \[RR 2.38, 95% CI: 1.88--3.03, *P*  \<0.001\], severe COVID-19 (RR 2.45, 95% CI: 1.79--3.35, *P*  \<0.001), acute respiratory distress syndrome (RR 4.64, 95% CI: 1.86--11.58, *P*  = 0.001), and disease progression (RR 3.31, 95% CI: 1.08--10.14, *P*  = 0.04). Meta-regression showed that the association with composite poor outcome was influenced by age (*P*  = 0.003) and hypertension (*P*  \<0.001) [@bib0340]. In the worldwide observational study of 8910 patients with COVID-19 in Asia, Europe, and North America, non-survivors had a greater prevalence of diabetes mellitus. However, in a multivariate analysis, diabetes mellitus was not an independent predictor of hospital death [@bib0310].

Diabetic patients with COVID-19 are at high risk of severe pneumonia and present a marked pro-inflammatory and pro-thrombotic state compared to infected non-diabetic patients. Inflammation markers such as CRP, interleukin-6, ferritin and D-dimers are increased compared to non-diabetic patients while a marked inflammatory or cytokine storm is thought to be associated with a more pejorative prognosis [@bib0345]. In a review and meta-analysis of 15 studies including 51,845 patients with COVID-19 of whom 9066 were severe cases, high age was independently associated with a severe form [@bib0350]. In this review, diabetes was also associated with the occurrence of a severe form with an RR of 2.81 (95% CI: 2.01--3.93), and this association persisted in a study with multivariate analysis taking into account age (RR 2.21, 95% CI: 1.33--3.66, *P*  = 0.002) [@bib0355]. The risk of severe form was also increased by the presence of unbalanced or complicated diabetes in studies of patients with H1N1 viruses in 2009 and with Middle East Respiratory Syndrome Coronavirus (MERS-CoV) in 2012 [@bib0335], [@bib0340], [@bib0345]. In a retrospective observational study from March 1st to April 6th, 2020 and despite several limitations, the mortality rate was 28.8% in patients with diabetes and/or uncontrolled hyperglycemia, compared with 6.2% in patients without diabetes or hyperglycemia (*P*  \<0.001). In a cohort of 7336 COVID-19 patients with or without diabetes from 19 hospitals in Hubei Province, China, people admitted to the hospital with COVID-19 and diabetes required more medical interventions. Despite these interventions, they also had significantly higher mortality: 7.8% versus 2.7% as well as a greater incidence of multiple organ injury. Patients with well-controlled blood glucose (glycemic variability within 3.9 to 10.0 mmol/L) had a markedly lower mortality compared to individuals with poorly controlled blood glucose (upper limit of glycemic variability exceeding 10.0 mmol/L) \[adjusted HR, 0.14; 95% CI, 0.03--0.60, *P*  = 0.008\] during hospitalisation [@bib0360]. These COVID-19 patients with uncontrolled hyperglycemia had a particularly high mortality rate. A variety of immune system abnormalities has been postulated to explain the association between hyperglycemia and immune dysfunction, including impairment in polymorphonuclear and monocytic white blood cell chemotaxis and phagocytosis, complement function, and cytokine dysregulation [@bib0365]. The fact that acute hyperglycemia plays a role which can be improved through effective glycemic management remained to be proved. In another study among over 500 patients with coronavirus, hyperglycemia was often transient and generally resolved after discharge from hospital in the majority of subjects [@bib0370]. The authors suggest that clinicians should treat hyperglycemia to achieve BG targets \<180 mg/dL for most patients [@bib0365]. Klonoff et al*.* proposed four risk factors which can increase the risk of poor outcomes: a susceptibility to hyperglycemia from corticosteroid therapy, an inadequate glucose monitoring, a lack of contact with healthcare professionals and an inappropriate discontinuation of angiotensin receptor blockers [@bib0375]. CORONADO is an ongoing French study aiming to determine the risk factors of severe forms of the disease throughout the country [@bib0380].

Which hospitalised patients require an intensive care unit? {#sec0025}
===========================================================

In China, intensive care unit (ICU) patients were more likely to have diabetes, were older (66 years vs. 51 years), and had twice as many co-morbidities (72% vs. 37%) compared to those who did not need to go to the ICU [@bib0385]. Male sex was more frequent in infected vs non-infected patients, with a described proportion ranging from 56% to 82%; men also appeared to be over-represented in ICU patients (61% vs. 52%), but this difference was not statistically significant [@bib0285], [@bib0320], [@bib0385].

Diabetes and COVID-19 mortality {#sec0030}
===============================

Among 44,672 infected patients, the mortality rate reported in China was 2.3%; it was 7.3% in the presence of diabetes and 6% in hypertensive patients [@bib0390]. In Italy, 35% of the fatal cases had diabetes compared to 20% in the general population for this age group: diabetic patients were therefore over-represented among deceased patients, 70% were men with an average age of 80 years [@bib0290]. A meta-analysis confirmed that diabetes was associated with a higher mortality rate (RR 2.12) [@bib0340].

COVID-19 and diabetes drugs {#sec0035}
===========================

This paper does not discuss the potential association between COVID-19 and hypertension or the prescription of angiotensin-converting enzyme inhibitors (ACEi) and angiotensin II receptor blockers (ARB) already reported [@bib0395]. We just remind that except in acute situations where a case-by-case analysis is recommended, the European Society of Cardiology as well as the French and American associations have published position papers which advocate for maintaining treatments with ACEi or ARB for patients infected by the virus. Similarly, it appears that corticosteroid therapies aggravate the patient\'s condition (although retrospective analysis is difficult because these therapies are generally used when the patient is in a very serious condition) and that non-steroidal anti-inflammatory drugs (NSAIDs) such as ibuprofen increase the risk of developing a serious form of the disease [@bib0400]. Therefore, fever should be treated with paracetamol only.

DPP-4 inhibitors {#sec0040}
----------------

Regarding drugs which are specific to type 2 diabetes, the increase risk of infection is an issue which arises with dipeptidyl peptidase-4 (DPP-4) inhibitors. Indeed, in addition to its role in incretin metabolism and glucose regulation, DPP-4, also known as CD26, is a membrane glycoprotein which can be found on the surface of many cells with non-specific exopeptidase enzyme activity. It stimulates inflammatory immune responses by modifying the production of several cytokines and chemokines [@bib0405], [@bib0410], [@bib0415], [@bib0420]. Several studies have therefore focused on the role of DPP-4 inhibitors in the development of infections. Data from clinical trials suggested an increase in upper respiratory and lower urinary tract infections with DDP-4 inhibitors, particularly with sitagliptin [@bib0425], [@bib0430].

In 2011, an analysis of the international pharmacovigilance database VigiBase indicated higher reporting of infections associated with DPP-4 inhibitors with a higher signal for upper respiratory infections [@bib0435] but a case-control study nested in a cohort of nearly 50,000 diabetic patients in the UK found no association between DDP-4 inhibitors use and hospitalization for community-acquired pneumonia [@bib0440], and the most recent meta-analysis including 74 clinical trials of more than 12 weeks of duration also did not suggest an increase in the overall risk of infection with DDP-4 inhibitors [@bib0445].

In patients with diabetes, sitagliptin is believed to reduce levels of pro-inflammatory markers such as interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) [@bib0450], [@bib0455]. Thus, DPP-4 inhibitors could, via this anti-inflammatory effect, play a role in the course of the infection or in the occurrence of its complications. It is currently shown that, in patients with COVID-19, significantly elevated IL-6 levels are associated with an increased risk of respiratory failure [@bib0460], [@bib0465].

In addition, human DPP-4 has been identified as a functional receptor for the spicule protein of the coronavirus which caused the Middle East Respiratory Syndrome (MERS) in Saudi Arabia in 2012 [@bib0470], [@bib0475]. Antibodies directed against DPP-4 inhibited MERS-CoV infection. Studies on transgenic mice suggested that the complication rate in people with type 2 diabetes infected with MERS-CoV may be associated with a DPP-4 related disturbance of the immune response [@bib0480]. Although to date no direct consequences can be drawn for the current COVID-19 epidemic (whose gateway is the angiotensin-converting enzyme 2, ACE2), more studies on the links between DPP-4 and coronavirus infection have to be carried on [@bib0475].

Other glucose-lowering drugs {#sec0045}
----------------------------

Similarly, concerning other antidiabetic medications, there is no established evidence supporting any clinical benefit in COVID-19 patients but potential risks must be carefully kept in mind. Indeed, while metformin, glucagon-like-peptide-1 receptor (GLP-1R) agonists, thiazolidinediones and insulin have all been associated with anti-inflammatory effects [@bib0485], [@bib0490], [@bib0495], [@bib0500], [@bib0505], [@bib0510] which could be potentially beneficial in the context of a cytokine storm, no association was observed for insulin or other glucose-lowering therapy among survivors and non-survivors of COVID-19 [@bib0310]. However, it is suggested that the use of metformin, sodium-glucose-transporter-2 (SGLT-2) inhibitors, GLP-1R agonists, pioglitazone and insulin may increase the expression of ACE2 and therefore be potentially associated with a more severe condition [@bib0505], [@bib0510], [@bib0515]. In critically ill COVID-19 patients, the risk of metabolic acidosis associated with metformin might be exacerbated as well as the consequences of volume depletion with SGLT-2 inhibitors. Hence, insulin remains the drug of choice in these situations.

What can we learn from pharmacovigilance data in France? {#sec0050}
========================================================

Pharmacovigilance data in France were provided by the National Network of Pharmacovigilance Centers [@bib0520] which monitors on a daily basis the adverse drug reactions associated with the drugs used in COVID-19. As of mid-April 2020, nearly 3 months after the first case in the territory, there were 47 reported cases of adverse drug reactions occurring in the context of COVID-19 in patients with diabetes. The median age of the patients was 67 years (min-max: 34-88 years), 66% were male, 85% (*n*  = 40) of the cases were serious and 7 (14%) died. One third of these cases (16 patients) presented with heart rhythm disorders related mainly to the use of hydroxychloroquine with or without azithromycin. Of these, 94% had high blood pressure and 38% had a history of heart disease. Eight cases (17%) exposed to the lopinavir/ritonavir (Kaletra®) combination presented a hepatic disorder (*n*  = 4) or exacerbation of renal failure (*n*  = 4). Eleven other cases (23%) had respiratory complications (90% were hypertensive and 18% had a pulmonary history). Of these cases, 4 patients treated with long-term sitagliptin required admission in ICU (one case died). They were 3 women and 1 man, 65 to 88 years old, 2 were obese, all were hypertensive. In none of the cases was sitagliptin the only drug suspected of worsening the infection: 2 cases were also treated with ARB and 2 had received an NSAID. These data show that patients with diabetes are also subject to serious adverse reactions to the drugs used in COVID-19. Patients with adverse reactions often have comorbidities, especially hypertension.

What are the recommendations? {#sec0055}
=============================

The Francophone Society of Diabetology took up very early on the issue of how to manage diabetes on a daily basis in a COVID-19 situation without distinguishing between the management of type 1 or type 2 diabetes, but providing advice that applies in both situations. Thus, among 10 key messages, the over-risk of serious forms in diabetic patients with co-morbidities, the importance of protectives behaviours, the value of providing a 2-week supply of drugs and sensors and the increased risk of ketoacidosis in type 1 diabetics are highlighted [@bib0525]. The French High Authority for Health (*Haute autorité de santé*) provides recommendations to manage diabetes and points out that patients must take care of themselves and manage their glycemic control [@bib0530]. Then, during the period of COVID-19 infection, patients with diabetes should avoid close contact with others when indicated, should wear masks and apply protective behaviours. Glycaemia should be closely monitored and, if it is not the case, they must attend a practitioner visit.

In the ICU, practical sheets for management of diabetic patients have been drawn up (not exclusively regarding COVID-19 infection); they are similar to the recommendations for management in the perioperative period [@bib0535]. They also aim to standardise management by avoiding hyperglycemia, which could be harmful in this infectious context, but also hypoglycemia, whose negative impact is regularly recalled in particular in the case of ischemic heart disease. It is mentioned that initial insulin resistance is frequently observed. The use of infusion pump insulin therapy is recommended to achieve glycemic targets and non-insulin treatments for type 2 diabetes should be stopped until the patient\'s clinical condition (renal, cardiac and respiratory function) is improved. Conversely, insulin should never be discontinued in patients with type 1 diabetes who are at increased risk of ketoacidosis in this context. Blood glucose monitoring should be carried out with classic blood glucose levels (arterial \> venous \> capillary blood), since glucose sensors may give erroneous measurements or may not be validated in resuscitation (distorted by high doses of vitamin C or by paracetamol).

The French Society of Pharmacology and Therapeutics has provided on its website answers on medication management in the context of COVID-19 [@bib0540]. The American Diabetes Association is pulling resources relevant to diabetes and COVID-19 for professionals treating patients with diabetes and there is also a forum accessible for free on this topic [@bib0520].

Conclusion {#sec0060}
==========

This paper highlights that while there have been no major safety concerns related to COVID-19 and the use of glucose-lowering drugs in patients with diabetes, there is only little information about the potential benefits or risks of these agents in the context of COVID-19 infections. This paper upholds that, upon admission to hospital of unstable patients and critically ill patients, DPP4 inhibitors, GLP-1R agonists, SGLT2 inhibitors and metformin should be used with caution or discontinued. In general, insulin is extensively used in critically ill hospitalized diabetic patients, as well as in patients with concomitant sepsis. Therefore, insulin is the most relevant treatment in these situations, particularly for patients who are hospitalized in intensive care units where other glucose lowering drugs should be discontinued. Careful attention must be paid to avoid hyperglycemia. The lack of physical activity and diet caused by the lockdown, and infection due to COVID-19 are two situations that may worsen glycemic control. Both hospitalized and ambulatory patients with diabetes are advised to ensure a careful monitoring of blood glucose and to maintain a regular communication with their health care provider.
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